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Medium-energy ion-scattering measurements and Monte Carlo simulations have been used to study
the Al(001) surface as a function of temperature. Surface melting does not occur and the surface stays
well ordered up to the bulk melting point T =933.52 K. The combination of the effective-medium po-
tential, used to simulate the interacting Al atoms, and ion-scattering calculations on the simulated
Al(001) surface, reproduces the ion-scattering intensities very we11. The Monte Carlo simulations show
that the surface relaxations and the vibration amplitudes both display strongly anharmonie behavior
which extends several layers into the crystal and increases with increasing temperature.
I. INTRODUCTION
The temperature-dependent behavior of single-crystal
surfaces has received increasing interest in the past
decade. Several disordering processes and related phe-
nomena, such as roughening, ' surface melting, ' facet-
ing, ' and deconstruction have been identi6ed on
crystal surfaces. Especially surface melting, the appear-
ance of a thin liquidlike layer on top of a solid surface
below the bulk melting point, has been studied extensive-
ly by means of experiments as well as theory' ' and
computer simulations. ' ' The open fcc(110) faces of,
e.g., Al ' ' Au Cu ' and Pb (Refs. 3 and
28—30), have been shown to exhibit surface melting while
the close-packed (111) faces of these materials are stable
up to the bulk melting point.
Thermodynamically, one can easily predict the surface
melting behavior by means of a comparison between the
orientation-dependent free energies y for the solid-vapor
(sv), solid-liquid (sl), and liquid-vapor (lv) interfaces.
Surface melting is expected when
and surface stability when Ay&0. In practice it is
diScult to predict surface melting and nonmelting on the
basis of the sign of hy, because accurate values for y, „
and y, & are usually not available. Not only surface melt-
ing or stability can occur, but also incomplete melting or
layering is possible for surfaces with a relatively small ab-
solute value of hy. In addition, some ranges of orienta-
tions can break up into melted and dry facets at elevated
temperatures. '
Energetically, the (001) surfaces of fcc metals are inter-
mediate between the melting (110) and the nonmelting
(111) surfaces. Disordered first layers as well as stable
surfaces have been reported close to the bulk melting
point. The Pb(001) surface has been studied by medium-
energy ion scattering (MEIS) (Refs. 29 and 35) and high
resolution low-energy electron diffraction (LEED).
With increasing temperature the surface expands anorna-
lously followed by the creation of a high density of sur-
face vacancies. It develops a finite amount (approximate-
ly one monolayer) of disorder close to T, probably
caused by layering effects.
The Cu(001) surface also does not show (complete) sur-
face melting, according to a light-emission study, employ-
ing the difference in infrared emissivity of solid and liquid
Cu. Circular areas around the (001) and (111) poles
remain dark close to the bulk melting point, while all oth-
er orientations exhibit an increase in emissivity. A recent
molecular-dynamics simulation of low-index faces of Cu
indicates that the (001) face develops a limited amount of
disorder close to the bulk melting point.
The purpose of the present work is to investigate the
high-temperature behavior of Al(001). This surface has
been studied before by angle-resolved photoemission.
In that study, a decrease in the intensity of the surface
state above 700 K was observed. The observation that
some residual intensity was still present at 0.3 K below
the bulk melting point was interpreted as evidence
against surface melting of Al(001).
We have studied the structure and vibrations of
Al(001) as a function of temperature by means of MEIS.
This technique has been shown to be very sensitive in
detecting disordered or molten surface layers. The
ion-scattering results can be interpreted either in terms of
strongly anharmonic surface vibrations or as the signa-
ture of a limited amount of surface disorder at T . In
addition, we have performed Monte Carlo (MC) simula-
tions of the Al(001) surface, using the effective-medium
theory (EMT) to describe the Al interactions, and subse-
quently we have computed the ion-scattering yield from
the simulated surface. The simulated Al(001) surface
remains well ordered up to T and exhibits clear signs of
anharmonicity. The ion-scattering yields calculated for
the simulated surface are in quantitative agreement with
the experimental results.
The employed EMT potential is the same as that used
previously in simulations of Al(110) and Al(111).~' For
both the melting Al(110) and the nonmelting Al(111) sur-
faces, the EMT-simulations together with ion-scattering
calculations have led to accurate predictions of the ion-
scattering intensities and their temperature dependence.
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II. EXPERIMENT
A. Sample preparation
The specimen was spark cut to a rectangular shape (di-
mensions are 10X 10X 3 mm ) from a single-crystal
high-purity Al bar. For mounting purposes a 0.5X0.3
mm groove was spark cut along the edges of the crystal.
The crystal was etched in a solution of sulfuric acid
(96%), phosphoric acid (85%), and nitric acid (65%) in a
ratio (5:14:1),heated to 85'C. It was oriented by Laue
backdiffraction to within 0.1' of the [001] axis and
mechanically polished subsequently with 6-, 3- and 1-pm
diamond paste followed by a 0.05-pm aluminum-oxide
suspension in water. The crystal was mounted in a Mo
container using Mo clamps and transferred into the UHV
MEIS system, described previously (base pressure
8X10 Pa). The crystal was initially treated in situ by
means of the following procedure: 2 h sputtering with
700 eV Ar+ ions (3.5 pA/cm ) followed by 40 h anneal-
ing up to 850 K. After this, MEIS and Auger-electron
spectroscopy (AES) showed only C and 0 contamination.
Prior to each measurement 20 min Ar+ sputtering fol-
lowed by 30 min annealing up to 800 K were sufBcient to
produce a clean surface. This was checked by means of
AES, which did not show C or 0 signals. The upper esti-
mate of the peak ratios of Al (68 eV)/C (273 eV) and Al
(68 eV}/O(503 eV) in the derivative spectrum was 200,
based on statistical counting noise at 273 and 503 eV.
Also at temperatures close to the bulk melting point no
impurities could be detected (the typical detection limit is
0.01 monolayer). Low-energy electron diffraction
(LEED) showed a sharp (1 X 1}pattern with a low back-
ground intensity.
B. Temperature control
The Mo container with the crystal was heated radia-
tively and by tneans of electron bombardment. Two Ta
radiation shields reduced heating of the surroundings of
the sample. The temperature was measured with a Pt-
100 resistor (inside the Mo container at the reverse side
of the crystal) and also monitored by an infrared (2.0-2.6
pm) pyrometer at the surface side. The absolute emissivi-
ty of the surface varied +5% over the surface, because of
microscopic roughness caused by the in situ cleaning
treatment. LEED, AES, and MEIS did not show varia-
tions in surface quality over the specimen.
Close to the melting point, we did not observe sudden
changes in the infrared emissivity of the surface, in con-
trast with observations on Pb surfaces. ' The bulk
melting point, T =933.52 K, of the Al crystal was
determined by partially melting the crystal. Lateral tem-
perature difFerences over the sample surface were estimat-
ed to be less than 0.01 K.
The vapor pressure of Al at the bulk melting point is so
low [4X10 Pa (Ref. 44}) that the evaporation of Al
atoms can be neglected (= two monolayers per hour}.
Thus, the crystal can be considered to be in thermo-
dynamic equilibrium with its own vapor at all experimen-
tal temperatures.
C. Medium-energy ion scattering
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FIG. 1. Number of visible Al(001) monolayers for 100-keV
H+ with incoming direction [011]and outgoing direction [011].
The (100) scattering plane and the scattering geometry are
shown in the inset. Measurements and simulations are dis-
cussed in the text.
The ion-scattering measurements were performed in
the (100) scattering plane which is shown in the inset of
Fig. 1. A 100-keV parallel proton beam was aligned with
the [011]direction. Backscattered protons were detected
over a range of 20' around the [011] direction. The
scattering chamber and the detection system have been
described previously. ' The shadowing and block-
ing effects in such a doubly aligned geometry result in a
surface peak in the energy spectra of backscattered ions
and a low minimum yield at lower energies. The area of
the surface peak in the energy spectrum, for a 1.2' angu-
lar range around [011],was converted into the number of
Al monolayers visible to the ion beam and the detector
[one monolayer Al(001) contains 1.22 X 10'5 Al
atoms/cm ]. The details of this conversion have been de-
scribed elsewhere. ' An ordered crystalline surface
gives rise to a small surface peak. A disordered or mol-
ten surface film on top of an ordered substrate gives an
extra contribution to the backscattered signal, which cor-
responds to the number of disordered monolayers.
Energy spectra of backscattered ions have been mea-
sured at temperatures between room temperature and the
bulk melting point. In Fig. 1 the resulting number of
visible Al(001) monolayers is shown as a function of tem-
perature. A gradual increase up to the bulk melting
point is observed. The Al yield does not diverge at T,
so this surface does not exhibit (complete) surface melt-
ing. Furthermore, at temperatures close to the bulk melt-
ing point the surface peak does not reach the so-called
"random height, " indicating that there is no (thick) disor-
dered film at the surface.
We have performed ion-scattering calculations for a
nonrelaxed Al(001) surface. In these calculations, the vi-
brations were chosen isotropic and uncorrelated. At
room temperature we can fit the experimental scattering
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yield by giving the first- and second-layer atoms vibration
amplitudes enhanced by 60% and 25% with respect to
the bulk vibration amplitude (o&=0.104 A). With the
same enhancement factors for the amplitudes at tempera-
tures close to the bulk melting point, the calculations un-
derestimate the experimental yield at T by about one
monolayer. This additional monolayer is either due to
disorder or surface anharmonicity. If we assume that the
extra yield is due to anharmonic vibrations, we have to
increase the vibration amplitudes of the top two layers
with an extra 50% to fit the data.
To interpret the measurements in more detail and to
test the assumption of anharmonic vibrations, we have
simulated the Al(001) surface using the Monte Carlo
method and the effective-medium theory to describe the
interactions between the atoms. The comparison between
experiments and simulations is made quantitative by use
of ion-scattering calculations on the simulated surfaces
for the same scattering conditions as used in the experi-
ments.
III. MONTE CARLO SIMULATIONS
A. Eftective-medium theory
We have used the effective-medium theory (EMT} (Ref.
49) to calculate the total energy of a system of interacting
Al atoms. In the EMT the potential energy of an atom is
a function of the average electron density it experiences
due to the surrounding atoms, and the total potential en-
ergy E„,of the system is obtained by summing the atom-
ic contributions. The details of the potential we have
used have been given in Ref. 21.
Prior to the slab calculations of the (001} surface, the
bulk lattice constant for the employed potential was
determined at various temperatures. For this purpose, a
unit cell of 256 Al atoms, vibrating around their fcc lat-
tice positions, with three-dimensional periodic boundary
conditions, was equilibrated at constant temperature T
and zero external pressure. The equilibration was per-
formed by moving the atoms in the cell according to the
Metropolis Monte Carlo method. To make the calcula-
tion computationally efficient without throwing away
essential interactions, we have cut off the active radius of
the potential between the fourth and fifth nearest-
neighbor shells. This is close to the cell size but because
the interaction energy is very small at these large dis-
tances this will hardly affect the simulations. The unit
cell was considered to be in equilibrium when the total
potential energy and the total volume did not show other
than statistical Auctuations. From a fit to the equilibrium
volume we obtained the lattice constant a(T), between
300 K and the bulk melting point, as the polynomial: '
a(T)=4.018+7.755X10 ~T+2. 158X10 8T A . (2)
The corresponding bulk coefficient of linear thermal
expansion, given by
1 da (T)
a(T) dT
increases from a =2.23 X 10 K ' at 300 K to
2.87X10 K ' at T . The value of the thermal-
expansion coefficient at room temperature is close to the
experimental value of a=2. 35X10 K '. So the
EMT potential gives a good description of the bulk
anharmonicity of Al. The bulk cohesive energy at 0 K is
—3.28 eVjatom which is close to the experimental value
of —3.34 eV/atom.
The slab calculations of the surface were performed for
a rectangular box of 30 (001) layers of 5X5 atoms per
layer. The upper 20 layers were allowed to move, the
lower 10 were fixed to mimic the underlying bulk of the
crystal. The inhuence of the fixing of the layers on the
free layers extends over approximately five layers, which
we verified by increasing the number of free layers. The
atoms in the starting cell at 300 K were placed on fcc lat-
tice positions with the corresponding lattice constant.
Periodic boundary conditions were applied parallel to the
surface plane. Within about 10 MC cycles the cell was
equilibrated. One MC cycle consists of Nf„,trial moves
of a free atom in a randomly chosen direction, where
Nf„, is the number of free atoms in the cell. The free
atoms are chosen in a random order. The magnitudes of
the attempted random displacements were adjusted to
yield an acceptance probability of 50%. The criterion for
equilibration of the unit cell was that the total cohesive
energy and some layer-dependent averaged quantities,
such as vibration amplitudes and structure factors, mere-
ly showed statistical fluctuations. We checked for finite-
size effects of the small cell by increasing the number of
atoms per layer as well as the number of free layers. A
cell size of 5XSX20 atoms was sufficient for reliable
values of the cohesive energy and the averaged quantities.
The equilibration of the cell at higher temperatures
was usually started by expanding a cell, equilibrated at a
lower temperature, to the appropriate lattice constant.
After equilibration, a few thousand MC cycles were used
to determine equilibrium averages and to produce a set of
mutually uncorrelated snapshots that were used as input
for the ion-scattering calculations (Sec. III C}.
B. EMT results
From the profile of the average density along the sur-
face normal (z direction} it is clear that the simulated
Al(001} surface remains well ordered up to T=1000 K
(Fig. 2). This can also be seen from the snapshots of the
atomic positions in the calculated unit cell in Fig. 3. Be-
tween 1000 and 1050 K the unit cell loses its order, start-
ing from the surface.
The density profiles parallel to the surface also show an
ordered surface up to 1000 K, as illustrated by the
crosses in Fig. 4 (only position distributions of two atoms
in the first layer have been shown). The solid curves are
Gaussian functions f (x) to these profiles:
f(x)= g expN " (x bi)—
21rcT ( = —m 2'
Here, cr is the mean-square displacement in the
x = [110]direction of atoms in the first layer, which was
obtained froin the calculated structure factor (see below),
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FIG. 2. Density profiles perpendicular to the surface at
T=300, 1000, and 1050 K. Only the free atom layers are
shown.
FIG. 4. Density pro51es parallel to the surface (x =[110]
direction) of the first-layer atoms at T=800, 925, and 1000 K.
Position distributions of only two atoms are shown; the heights
are scaled to the same value for the three different temperatures.
The curves are Gaussian fits to the EMT results (see text).
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FIG. 3. Perspective view of snapshots of the unit ce11 at
T=300, 900, 1000, and 1050 K. The first-layer atoms have
been shaded darker.
the peak distance b is —,[~2a (T) and N is the number of
Monte Carlo cycles performed. The distributions along
the x =[110]and y =[110]directions are identical be-
cause of symmetry. At low temperatures, up to about
800 K, the distributions are purely Gaussian for all lay-
ers. At higher temperatures, however, the simulated
probability density in between surface lattice sites is seen
to be signi5cantly higher than the Gaussian density ex-
pected for harmonically vibrating atoms.
The z-density proSle at 1050 K in Fig. 2 and the
snapshot at that temperature in Fig. 3 do not correspond
to an equilibrium situation. Per extra 10 MC cycles ap-
proximately one additional layer is molten. Of course,
the unit cell will never melt completely because of the or-
der induced by the Sxed bulk layers. If this surface, after
the melting of approximately eight layers at 1050 K, is
cooled down to 1000 K, it orders again in about 5X10
MC cycles. The melting point of aluminum in these
simulations is, on the basis of these results:
T =1035+10K, which is higher than the experimental
melting point. The origin of the difference might be that
the liquid is not described as accurately as the solid by
the effective-medium potential, which has been optimized
for the perfect fcc structure. In spite of the incorrect
simulation value for T, we compare the MC simulations
with the experiments on an absolute rather than a rela-
tive temperature scale. For the Al(001) surface, this is
justi6ed because there is no melting of this surface below
54
From the z-density pro61es, the relaxation s
5;;+I=d;;+&/db„n, of the surface layers were deter-
mined. The distance d;;+I between the neighboring lay-
ers i and i + 1 was calculated by taking the difference be-
tween the centers of mass of the corresponding two
neighboring peaks in the z-density pro61e. db„lz was
chosen as the average over d&0». . .dl4, 5 and found to
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TABLE I. Experimental values and predictions for the first-layer relaxation of Al(001).
Reference
55
56
57
This work
58
49
This work (Ref. 59)
60
61
62
63
64
&& p [%]
0
0
0+2
0+5
—1.5
—3.0
—0.9+0.2
—4.90
—5.0
0.0
+ 1.2+0.4
+0.7
Method
low-energy electron diffraction
low-energy electron diffraction
x-ray-absorption fine structure
medium-energy ion scattering
medium-energy electron diffraction
EMT
EMT
dipole-layer, Hartree, band-structure model
corrected EMT
embedded atom method
first-principles calculation
semiempirical quantum chemical model
Temperature (K)
300
300
300
300-933
77
0
0
0
0
0
0
0
be equal to a ( T)/2, where a ( T) is given by Eq. (2). Table
I gives a summary of experimental and calculated values
for the first-layer relaxation of Al(001).
In the scattering geometry used, MEIS is not very sen-
sitive to surface relaxations. Relaxations of a few percent
will not result in a significant shift of the blocking
minimum with respect to the bulk axis.
Figure 5 reveals that the simulated surface relaxations
are strongly temperature dependent. This directly
re6ects the anharmonicity of the surface layers. A11 sur-
face layers relax outward with increasing temperature
and at the experimental bulk melting point the first-
interlayer distance is expanded by 2.5%. This corre-
sponds to an enhancement in the thermal-expansion
coe5cient of the first-interlayer distance, from room tem-
perature to the bulk melting point, by a factor 2.5 with
respect to the bulk thermal-expansion coefBcient.
For Al(110} the onset of surface melting is correlated
with the thermal generation of high densities of adatoms
and vacancies. These adatom/vacancy pairs are thought
to be a precursor of surface melting. ' In Fig. 6 the occu-
pation of the first layer and the density of adatoms are
shown as a function of temperature for Al(001) and, for
comparison, for Al(110). At the Al(001} surface the for-
mation of adatom/vacancy pairs starts only at T =1025
K, well above the experimental melting point of this sur-
face. The very small density of adatoms present below
the melting point is mainly caused by the way of count-
ing: an atom is counted as an adatom if its z coordinate
is more than half an interlayer distance above the first
layer. Because of the large vibration amplitudes at high
temperatures, atoms in the first layer are sometimes mis-
taken for adatoms. Compared to the Cu(001) surface,
which has been studied with molecular dynamics using
EMT, and which only develops a limited amount of
surface disorder, the number of adatoms on the Al(001)
surface close to the melting point is an order of magni-
tude lower.
In order to investigate the order parallel to the surface,
we calculated the in-plane layer-dependent structure fac-
tor
N.
SJ(k)= g ej 1=1
Here N is the actual number of atoms in layer j for the
1.05
1.04—
~ 1.02
.
+ 1.01
0.99
+ ~N~~ b
gr +
Surface
4 5 6
Layer i
0 1000
950
+ 900
x 6QQ
Q Soo
0
9 10
100 '
80+0
60
G4 40
20
0.
First layer
I
Al(001)
0
++ I
Al(110) '~
I
I
I
I
I
o
Al(1 10)
+~ 0
~+~ Q 0
Adatom layer Al(001)
m
I
200 400 600 800 1000 1200
Temperature [K]
FIG. 5. Relaxation of the first eight layers at T =0, 300, 600,
900, 950, and 1000 K.
FIG. 6. Occupancies of the first layer and the adatom layer
for Al(001) and Al(110).
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considered snapshot. The atom positions are denoted by
r&. The in-plane reciprocal-lattice vector k has been
chosen to probe nearest-neighbor distances along the
x = [110]direction:
0.0
—0.2
Layer
bulk
k= (1,1,0) .
a T (6)
p 4
M
Using S (k) we have computed two layer-dependent
order parameters. The first one is the average of the
squared magnitude of S (k): ( ~S (k)~ ); here ( ) means
averaging over MC cycles. This quantity probes the local
thermal disorder within layer j and is not sensitive to dis-
order in the interlayer registry.
The second order parameter is the square of the magni-
tude of the average of S (k):
~
(SJ(k) )
~
. This order pa-
rameter not only probes the in-plane disorder within lay-
er j, but it also decreases when the entire layer is shifted
away from perfect lateral registry with the bulk layers
(the origin being defined with respect to the bulk). Such
shifts can occur as a finite-size artifact of the simulation
of a small periodically repeated unit cell. ' Both order
parameters are equal to unity for a static fcc layer in per-
fect registry with the substrate, and approach I /N~ for a
totally disordered or molten layer. By comparing these
two order parameters, we can quantify the influence of
the artificial shifting of layers parallel to the surface.
The shifting forms an intrinsic problem of MC simula-
tions which make use of a finite ce11 and apply periodic
boundary conditions. Once a layer of atoms has moved
parallel to the surface, there is no direct restoring force in
the same layer but only a weak interlayer force. The re-
sult is a low-frequency oscillation of the center of mass of
the layer. MEIS is extremely sensitive to small relative
shifts of layers of atoms. So a reliable comparison with
ion-scattering measurements is only possible if we correct
for the influence of the shifts. It is important to realize
that most properties are not influenced noticeably by
these shifts, because the amplitude of the oscillation is
small and involves an extremely low energy. The
diference in the center-of-mass position between the top
and the second layer is at maximum 0.03 A at T . By re-
laxing unit cells with and without shifted layers, we have
checked that the shifting of the layers does not influence
the surface relaxation. The energy differences between
shifted and nonshifted layers is quadratic in the size of
the shift. If the number of atoms in a layer is doubled,
the amplitude of the shifts goes down only by a factor
I/~2 at the expense of a large increase in calculation
time. At T the maximum energy difference involved in
the shifting is about 60 meV per layer. This is 0 (ka T) so
also the phonon spectrum and the vibrations will not
change in a significant way.
In Fig. 7, 1n( ~S (k)~2) is shown as a function of tem-
perature for the top four layers and a layer in the bulk of
the crystal. If a11 layers would have vibrated harmonical-
ly (Debye-Wailer model) all curves in Fig. 7 would have
decreased linearly with temperature. The extra down-
ward curvature, strongest for the surface, is caused by the
anharmonicity of the vibrations. Above =400 K for the
first layer and above =700 K for the fourth layer the
—0.8
—1.0 0 200 400 600 800
Temperature [K]
1000 1200
FIG. 7. 1n(~S, ~~) as a function of temperature for layersj= 1,2, 3,4 and for bulk layers.
(7)
(8)
0.4
0.3—
I
Layer
I
0
0.2
V)
CVb
bulk
0.0 I200
T I I
400 600 800
Temperature t K]
1000 1200
FIG. S. Mean-square displacements in the x =[110]direc-
tion, obtained from the average square of the structure factor,
cr;((~S~ )), as a function of T, for layers j=1,2, 3,4 and for
bulk layers.
curves deviate from a straight line. At T=1050 K,
ln(~S (k)~ ) drops suddenly to =ln( —,', )=—3.22, indi-
cating a complete loss of order.
An easy way to quantify the layer shifts is to calculate
the mean-square displacements o according to the two
order parameters. Assuming nearly Gaussian vibrational
displacement distributions, the layer-dependent vibration
amplitudes are given by
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FIG. 9. Mean-square layer shifts o j h'ft for layers j = 1,2, 3,42
and for bulk layers.
FIG. 11. Mean-square vibrational displacements 0' ' the
z = [ ] direction for layers j= 1,2, 3,4 and for bulk layers cal-
cu ated by direct positional averaging.
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FIG. 10. Mean-s- quare vibrational displacements o'„in the
x = [110]direction for layers j= 1,2, 3,4 and for bulk layers cal-
culated by direct positional averaging.
The mean-square layer shift parallel to the surface
oj~ h' a fo1lows from the difference between a ( ~ & S & ~ }
and o,'(& ~S('&).
J
In Fig. 8, o&(& ~S~ & ) is shown as a function of temper-
ature and in Fig. 9 the mean-square layer shift a2
shown. For the widths e of the Gaussian curves in Fig.
we used cr (~&S &~ )
one order of magnitude smaller than the mean-square vi-
brational displacements of the atoms in the layers.
The vibration amplitudes can also be calculated direct-
y rom the distributions of the positions of the atoms in a
ayer. Figures 10 and 11 show the mean-square displace-
ments in the x =[110] and z =[001] directions. The
parallel vibration amplitudes are larger than those per-
pendicular to the surface and the difference is largest for
the 6rst layer.
C. Ion-scattering calculations
To study the sensitivity of the MEIS measurements to
the anharmonicity of the vibrations, we computed ion-
scattering yields for the geometry of Fig. 1. First of all
the ion-scattering yields were calculated for a collection
of uncorrelated snapshots generated by the EMT simula-
tion, after the unit cell was equilibrated. Typically 50
snapshots were used with 100-MC cycles in between (to
make sure that the snapshots were independent}. For
1000 H+
each of these surfaces, the trajectories wer 1 1 t d fecacua e or
iona/A of 100 keV, impinging along the [011]
direction and the same number along the outgoing [011]
direction. In order to calculate the nuclear encounter
probability of the ions in a computationally efficient
way, the positions of the atoms in a unit cell were slight-
ly spread out by an added small isotropic Gaussian prob-
ability density distribution around their positions in the
snapshots. If the Gaussian width is chosen small enough
e.g. , 5=0.05 A), it does not affect the value of the back-
scattered ieldy' . The resulting scattering intensities are
shown by the crosses in Figs. 1 and 12.
Next, four "conventional" ion-scattering calculations
were performed for the following configurations.
a) A surface with bulk vibration amplitudes from Fig.
8.
(b) A surface with vibration amplitudes determined by
a harmonic extrapolation in temperature from the vibra-
tion amplitudes at 300 K. The root mean-square dis-
placement in layer j at temperature T is then given by
0J(300 K)
cr (T)=
i (300 K) (9)
(c A surface with vibration amplitudes from
0,'(& ~S~'&) [Eq. (7)].
(d) A surface with vibration amplitudes from
~,'(I &S & I') [Eq. (S)].
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FIG. 12. Number of visible Al(001) monolayers for 100-keV
H+ with incoming direction [011]and outgoing direction [011],
calculated from EMT-simulation snapshots (+ ), and calculated
for Gaussian displacement distributions with harmonically in-
creasing (a),(b) and anharmonically increasing (c),(d) mean-
square displacements (see text).
These ion-scattering calculations were performed with
5000-H+ iona/A of 100 keV again impinging along the
[011]direction and emerging along [011]. All four sur-
faces were relaxed according to Fig. 5. The vibrational
displacements were assumed to be Gaussian, uncorrelat-
ed, and isotropic. The last assumption is valid for the x
and y directions parallel to the surface because of symme-
try and almost valid perpendicular to the surface.
Figure 12 shows the backscattered yields for these four
vibrational configurations together with the EMT result.
Comparing the EMT results with those for the crystal
with bulk vibration amplitudes, configuration (a), we see
an increase in backscattering yield of 0.6 monolayer at
room temperature and 1.7 monolayers at the bulk melt-
ing point, due to the enhanced surface vibrations. In Fig.
7 it was shown that at room temperature the crystal vi-
brates almost harmonically. If the vibration amplitudes
are extrapolated harmonically, by fixing the ratios of sur-
face to bulk vibration amplitudes to their room-
temperature values, configuration (b) [Eq. (9)], the extra
ion-scattering yield with respect to the bulk crystal is al-
most a constant (0.7—0.8 monolayer).
The effect of the anharmonicity on the ion-
backscattering yield is demonstrated by the two upper
curves, (c) and (d), in Fig. 12. Again the displacement
distributions were chosen Gaussian but the amplitudes
had been adapted to fit the EMT results. In this way we
tested the idea that it is the width, rather than the precise
shape of the distributions, that the ion scattering is most
sensitive to. The calculations with these vibration ampli-
tudes agree very well with the EMT simulations. The
ion-scattering yield of the crystal with vibration ampli-
tudes from o.{~{S}~), configuration (d} is about 0.4
monolayer higher than the one calculated by means of
crJ ( {~S~ }), configuration (c). As discussed, the
difference is caused by the artificial shifting of the layers
parallel to the surface.
IV. DISCUSSION
The Al(001) surface has a density of 1.22 X 10'
atoms/cm, between that of the close-packed Al{111)and
the open Al(110) surfaces. This sequence in atomic densi-
ties at the surface is also reflected in the solid-vapor inter-
facial free energies [Al(111) has the lowest y,„and
Al(110} the highest] and thus in the melting behavior.
Although y,„hasbeen calculated for the Al(001) surface
[0.830 (Ref. 49), 1.081 (Ref. 63), 0.370 (Ref. 60}, 1.230
(Ref. 61) Jm ] and y,„hasbeen determined experimen-
tally [0.864 Jm (Ref. 43)] there is no reliable value for
y, & close to the bulk melting point. So, as already has
been stated, it is not possible to predict the surface stabil-
ity of Al(001} from the difference in surface free energies.
In our MC simulations we filtered out the shifting of
layers parallel to the surface caused by the finite size of
the unit cell. This has been done by averaging the struc-
ture factor in the proper way. The amplitude of the shift-
ing depends strongly on the packing density of atoms in a
layer: the Al(111) surface exhibits the strongest shifting
and on the Al(110) there is almost no shifting. For
Al(001) the infiuence of layer shifts on the ion-scattering
intensity is rather small.
The anharmonicity of the surface is manifest in several
properties: the surface enhancement of the thermal-
expansion coeScient, the development of non-Gaussian
tails in the atomic position distributions at the surface,
and the temperature-dependent increase in the surface-
to-bulk ratio of the vibration amplitudes.
The Al surface is more stable close to the bulk melting
point than other fcc(001) surfaces, such as Au(001), '
Cu(001), ' and Pb(001) (Refs. 29, 35, and 36). The den-
sity of adatom/vacancy pairs close to the melting point is
an order of magnitude less on the Al(001} surface than on
Cu(001). Nevertheless, the anharmonicity on the Al(001)
surface is larger than on Cu(001), as can be inferred from
the ratios of surface to bulk vibration amplitudes in our
simulations and those in Ref. 27. Experimental evidence
for anharmonicity on Cu(001) has been presented by He
atom scattering.
Comparing the vibrational distributions of Al(001) to
the ones of the Al(110) surface, we see similar anharmoni-
city at low temperatures, up to the temperature where
the disordering at the Al(110} surface starts (about 750
K). The vibration amplitudes for the first atomic layer of
both surfaces increase, along the [110] direction, from
0.16 A at room temperature to 0.24 A at 700 K. The ob-
servation that the (110) surface melts, whereas the (001)
surface remains stable up to temperatures where the
anharmonicity is even much stronger than at 700 K, sug-
gests that the anharmonicity is not making these surfaces
vibrationally unstable. The mechanism by which the first
layer of a melting surface becomes disordered seems to be
completely dominated by the presence of adatoms and
vacancies (Fig. 6).
V. CONCLUSIONS
Using MEIS experiments and MC simulations we have
demonstrated that the Al(001) surface stays well ordered
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up to the bulk melting point. No surface melting has
been observed, but the surface atoms vibrate strongly
anharmonically. The simulations indicate that the
difference in thermal-expansion coef5cient, from room
temperature to the bulk melting point, of the first layer of
Al(001) is enhanced by a factor 2.5 over the bulk value.
The high-temperature behavior of Al(001) is different
from that of the Au(001), Cu(001), and Pb(001) surfaces,
which all seem to develop a finite amount of disorder.
The ion-scattering measurements and calculations show
that MEIS is sensitive to the anharmonicity of the vibra-
tions. The effective-medium potential describes the
temperature-dependent behavior of the Al(001) surface
excellently, without any adjustable parameter.
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